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Abstract 
Investigation of the Structure and Corrosive Properties of Additively 
Manufactured Stainless Steel 316L by Binder Jetting and Supersolidus Liquid 
Phase Sintering 
Additive Manufacturing(AM) has seen a great deal of growth and adaptation 
since its emergence in the 1970s. Through AM’s constituent techniques freeform 
fabrication with an unprecedented degree of geometric freedom is possible. 
Originally reserved for small scale prototyping AM has recently seen a push for 
application in a production setting, it is of of particular flexibility in material and 
application is binder. One common material for use in AM is stainless steel 316L 
due to its wide use in bio-materials, automotive parts, nuclear reactors, and 
anywhere corrosion resistance in required. Despite is wide application across 
many materials; the complex interaction of as-printed structures with post-
printing processing is not well understood. This is particularly true for complex 
post printing processes such as supersolidus liquid phase sintering of metals such 
as 316L with boron. As binder jetting (BJ) provides several potential advantages 
over other forms of AM further exploration of the effects of BJ on sintering and 
therefore resultant material properties, such as corrosion resistance, is a promising 
avenue for improvement of the process. 
In this study, a range of standard BJ process parameters were employed in order 
to print various sample geometries with pre-alloyed 316L Stainless steel powder. 
The resultant structure was then examined with particular attention given to 
porosity and microstructure. Samples were also subjected to corrosion testing in a 
14 
 
 
sulfuric acid environment in order to clarify how the observed structure would 
affect the material’s performance in extreme environments. It was found that that 
variation in printing parameters had a quantifiable effect on corrosion resistance.   
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Chapter 1: Introduction 
1.1 Project Motivation 
Additive manufacturing (AM) is quickly emerging as a next generation technique 
for manufacturing. Initially developed as a prototyping technique for small scale 
production, in the past decade there has been an increasing effort to refine AM 
techniques for full-scale production. Still, knowledge of the various, and often 
complex, systems used in AM is lacking. Each AM process is unique in both the 
execution and application, requiring specific study. Often the resultant properties 
of materials made via AM depend highly on the build parameters used. This 
allows for the possibility of tailorable properties through adjustment of these 
parameters. Materials currently with high usage across many industries, such as 
stainless steel, nickel-based alloys, and titanium alloys, are of particular interest. 
More specifically, stainless steels are widely used in wrought, cast, and powder 
metallurgy (PM) forms in a wide range of application due primarily to its 
availability and desirable corrosion resistance [1], [2]. 
The purpose of this study was to investigate the macro and microstructure, as well 
as the corrosion resistance, of stainless steel 316L (SS316L) built via the binder 
jetting (BJ) AM process. Producing SS316L through forging or casting requires 
large amount of time and energy, and often requires some degree of machining 
afterwards. Compaction of PM SS316L provides a more production friendly 
alternative to casting or forging, but is limited in possible geometry, and often 
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requires post-compaction processing. Additive manufacturing shows promise for 
eliminating many of the steps associated with the more traditional processing of 
SS316L, through near net shape production. Additionally, many AM processes 
rely on direct melting of a powder bed through either electron beam, or laser 
irradiation, and are often time and energy consuming, and can negatively impact 
properties of resulting parts through the promotion of extremely rapid cooling 
rates [3]–[5]. BJ offers the possibility of alleviating these issues as it has a higher 
material throughput, use of much simpler and easily constructed equipment, and 
has little propensity for the undesirable material properties which can result from 
thermal effects [6], [7].  However, before AM parts can replace parts 
manufactured conventionally a more complete understanding of the properties 
which result from AM processes is needed. 
In this study, parts of two different sizes and geometries were printed on ExOne’s 
Innovent machine. These parts were then sintered and their as-sintered properties 
were investigated through optical microscopy, electron microscopy, electron 
backscatter diffraction (EBSD), and corrosion evaluation. Two different build 
directions were employed in the manufacturing of the larger geometry and 
examined in order to clarify any possible directional effects of the building 
process, with particular attention paid to macro and microstructure and their 
relation to corrosion behavior. Observed properties were compared to 
conventional stainless steel (SS), as well as those processed through other AM 
techniques in order to ascertain the validity of BJ as an avenue for SS processing. 
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Chapter 2: Background 
2.1 Austenitic Stainless Steel 
Stainless steels are one of the most widely used alloys of iron, and there exist 
hundreds of commercially available compositions. These compositions are 
defined most commonly based what metallographic phases they contain and can 
fall into several main categories including austenitic, ferritic, martensitic, and 
duplex steels. The material of focus in this project was austenitic stainless steel of 
grade 316L. 316L is a common known for its improved corrosion resistance, as 
compared to 304L, due to the addition of molybdenum which stabilizes its 
passivating layer. A typical composition for 316L can be seen in Table 1. 
Table 1: Nominal 316L composition 
C Mn Si P S Cr Mo Ni N Fe 
.03 2.00 .75 .045 .03 16-18 2-3 10-14 .10 Bal 
   
In a typical 316L chemistry, nickel is added primarily as an austenite (BCC) 
stabilizer, but has the added effect of improving impact strength. The amount of 
Ni addition must be balanced again Cr and Mo content as both have been found to 
stabilize ferritic face centered cubic (FCC) structure [8]. Addition of Mo and Cr 
serve to increase corrosion resistance. A minimum of about 11wt% Cr is needed 
in order for a passive chromium oxide film to form, and as Cr content increases so 
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does the stability of the passive layer [9]. Similarly, Mo is primarily added for 
corrosion resistance while also increasing strength and hardness. These 
contributions can be seen at Mo contents as low as 2wt% [8], [9]. Cu additions 
also appear to contribute to the corrosion resistance of austenitic steels, 
particularly in sulfuric acid environments, although not as strongly as Cr or Mo 
[10]. 
2.1.1 Powder Metallurgy Stainless Steel. 
While wrought and cast stainless steels have seen heavy application for decades, 
the production of stainless steel parts through powder metallurgy (PM) has seen 
relatively recent increase in demand. The use of powders provides many 
advantages, the most prominent of which are high volume production of materials 
with complex shapes at a lower cost, fabrication of difficult to process materials, 
economic consolidation of specialty alloys, composites, and mixed phase 
materials, synthesis of non-equilibrium materials such as amorphous, 
micro/nanocrystalline, or metastable materials, high though-put processing of 
complex parts (such as in pressing and sintering), and freeform fabrication (such 
as additive manufacturing techniques) [11]. In particular, stainless steel powders 
are formed through either gas or water atomization, resulting in a variety of 
powder shapes, size distributions, morphology and microstructures. Elemental 
compositions can either be admixed from a variety of different powders, or pre-
alloyed through the atomization of a precursor melt. Most often, stainless steel is 
found in a pre-alloyed form. Pre-alloying provides several advantages over 
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admixing. Pre-alloyed powders enable the production of elementally 
homogeneous compositions often difficult, or impossible to produce through 
conventional methods. Particularly in the case of elements with high tendencies 
for elemental segregation or precipitation such as Cu, Cr, and Mo [11]. In context 
of this study the pre-alloyed austenitic SS316L with varying elemental additions 
were used, including Cu contents ranging from 0.04-7wt%. Components of these 
compositions would be impossible to cast due to complications such as 
segregation and precipitation, and hot shortness induces cracking [10].      
2.2 Additive Manufacturing      
2.2.1 Powder Bed Fusion  
Over the past few decades, powder bed fusion (PBF) techniques have been the 
subject of considerable research. Although most AM techniques can trace their 
origins to stereolithographic techniques developed during the second half of the 
20
th
 century [12]. It was not until the 1980's and 1990's that the first AM 
techniques utilizing laser melted powders emerged [13]. Since then, PBF has 
proven ideal for many applications due to its ability to produce complex parts 
often at lower costs. While many variations of PBF have emerged in the past 
decades, most setups consist of a base onto which layers of powder are deposited 
and then irradiated via focused laser or electron beam which scans across the 
layer's surface. This process is repeated layer by layer until a final geometry is 
obtained. A few of the most widely investigated techniques are direct metal laser 
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sintering (DMLS), electron beam melting (EBM), and selective laser melting 
(SLM). Often DMLS and SLM refer to the same process.   
As in conventional techniques, the microstructures of PBF produced materials 
depend greatly on both material composition and thermal dynamics of the 
material during cooling. There are, however, several aspects that remain relatively 
material independent. First, PBF produces melt pools that overlap and lead to the 
characteristic structure seen in Figure 1, where B denotes build direction [14].  
 
Figure 1: Melt pool overlap and layer development observed in the vertical 
reference plane (build direction shown by the arrow) as-fabricated cylinder (in 
argon) [14]. 
It is important to note that for successful intra-layer bonding to be achieved, the 
heat effected zone produced by the laser must extend deeper that the layer 
thickness, i.e. melt depth must be greater than layer thickness [15]. Also important 
to note is the heat effected zone which experiences heating without melting 
through heat transfer from the solidification of molten zone. This effective 
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annealing can lead to locally coarser average grains and higher possible 
concentrations of precipitates [15]. In many studies rapid cooling rates resulted in 
the formation of highly anisotropic microstructures consisting of small, elongated, 
and often equiaxed dendrites separated by dissimilar phases or precipitates along 
grain boundaries [4], [5], [14]–[16]. BJ has the potential for avoiding many of the 
anisotropic properties that may result from PBF. 
2.2.2 Binder Jetting 
In recent years an AM technique formally known as three dimensional printing 
(3DP), but now more commonly referred to as binder jetting has seen a renewed 
interest due to its potential benefits over other AM techniques. An overview of the 
BJ process can be seen in Figure 2. In general, the BJ process consists of several 
steps: (1) a CAD file is sliced into layers in order to generate and STL file as with 
most AM techniques, (2) a thin layer of powder is spread from the powder supply 
bed, to the build platform, (3) binder material is deposited by an ink-jet type 
printing head in a geometry corresponding to the governing STL file, (4) the 
newly deposited layer of binder is cured, often through UV exposure, (5) the build 
platform is lowered, the supply bed is raised, and a roller spreads a new layer of 
powder onto the build platform, (6) the entire process is repeated layer by layer 
until a final geometry is obtained, (7) the final geometry is often subjected to 
additional curing, de-powdered, and subjected to some post-printing densifying 
treatment such as sintering or hot isostatic pressing (HIP).     
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Figure 2: Schematic of the BJ process [17] 
This process provides several potential advantages over other AM techniques 
such as direct deposition and PBF in addition to its superior speed and cost. The 
use of a powder bed in absence of thermal fusion eliminates the need for support 
structures. This absence of thermal building also eliminates potential for thermal 
gradients during building thus alleviating resultant anisotropy and residual 
thermal stresses, a common problem in PBF techniques. Additionally, unbound 
powder is reusable. BJ does not require enclosed chambers, expensive energy 
sources and careful atmosphere control increasing potential throughput and 
making it inherently more scalable than other AM techniques. The process of BJ 
also functionally separates sample printing from powder sintering allowing for the 
application of well-studied powder metallurgy processes [6]. BJ has also shown 
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adaptability to a wide range of materials including ceramics [18], [19], 
composites [20], natural polymers [21], stainless steels [17], [22], copper [6], and 
Ni super-alloys [23]. In spite of, or perhaps due to, BJ’s application across so 
many materials, the effects of processing parameters on resultant material 
properties is not well understood and often inconsistently reported, especially 
when post-printing sintering is employed.  
One recent study (Chen et al, 2016) on BJ of stainless steel 420 before sintering 
employed the Taguchi method of statistical process analysis in an attempt to find 
significant connections between 4 process parameters and sample properties. The 
four process parameters considered were layer deposition thickness, binder 
saturation (ratio of binder to powder by volume), curing heater power, and drying 
time for each layer, and it becomes useful to use these parameters as a base for 
comparison across multiple studies. In Chen et al. 2016, both layer thickness and 
binder saturation were found to effect surface roughness [24]. For layer thickness 
this can be explained through the decomposition of a 3D CAD construct into 2D 
slices which results in the creation of a step wise surface and as the layer 
thickness of each slice is reduced, resulting in more steps per surface area and 
therefore a rougher surface. This phenomenon is also seen in PBF techniques. 
Similarly, too much, or too little binder saturation was found to have a negative 
effect on surface roughness through the creation of extra-layer agglomerations of 
powders and areas of insufficient powder bonding respectively. This study also 
showed a dependence of binder penetration on drying time and power which was 
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expected to affect green density, and therefore shrinkage during sintering [24]. No 
actual sintering was performed however.  
Another study on mechanical properties and microstructure of BJ 420SS sintered 
and infiltrated with bronze, supported a strong dependence of both green and 
post-sintered properties on process parameter [17]. In this study three different 
layer thicknesses were attempted: 1.6x, 3.3x, and 6.6x the average diameter of 
powders, as well as 5 different build orientations relative to the build platform. 
Analysis of mechanical properties of the various layer thicknesses showed a 
strong dependence of the former on the latter. This was found to be due to largely 
different amounts of infiltrate content which increased with layer thickness 
implying a strong effect of layer thickness on sintering behavior, and densification 
in particular. Build direction and orientation did not have a significant impact on 
mechanical properties [17].  
This influence of post printing structure on sintering behavior was also observed 
in a study of BJ and sintered copper in which multiple powder sizes (15-75μm), 
layer thickness (80 and 100μm), and binder saturations were investigated (60,70, 
and 80%) [6]. While no strong effects of binder saturation were observed, a high 
degree of residual porosity which negatively impacted material properties was 
found. Density analysis showed a combination of surface and internal 
interconnected porosity. Through SEM observation it was observed that non-
uniform binder deposition was leaving linearly arranged areas of preferential 
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bonding and adjacent areas of insufficient particle-particle contact resulting in the 
observed porous as-sintered structure. This is shown in Figure 3.  
 
Figure 3: SEM of Sintered 15μm Copper powder (1080°C, 2 hrs) at 
Magnifications of (a) 200x, (b) 500x and (c) 2,000x [6] 
Additionally this study observed improved densification when a finer starting 
powder was used [6]. This effect of powder size was supported by findings on Ni 
super-alloy 625 and was attributed to sintering effects. In contrast,  observation of 
Al2O3 saw a better final density when using a wide powder size distribution and 
smaller layer thickness most likely due to more efficient powder packing on the 
build platform[19]. Unfortunately, BJ has only seen consistent reporting in the 
last couple of years, and the large amount of inconstancies in literature point to 
the need of further study on the process of BJ, particularly of the complex 
relationship between as-printed and post-sintered structure.                       
2.3 Liquid Phase Sintering 
While solid state sintering (SSS) is sintering’s best understood variant, liquid 
phase sintering (LPS) has been the subject of large scale industrial focus. Despite 
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this focus, LPS remains comparatively less completely understood. At its most 
basic, LPS is defined as sintering involving the co-existence of particulate solid 
and liquid at some point in a thermal sintering cycle [25]. LPS’s major advantages 
come from its faster sintering times, and more extensive densification. The 
presence of liquid enables faster atomic diffusion that SSS as diffusion through 
liquid is orders of magnitude faster that though a solid. In addition, capillary 
action due to wetting pulls promotes liquid spread and rapid densification, even in 
absence of external pressure. Additionally, liquid reduces the inter-particle 
friction facilitating solid particle rearrangement. Despite these advantages, LPS 
also has its challenges the most common of which are incomplete densification 
and various distortions that may occur during sintering. For complete 
densification to occur, several thermal and kinetic factors must be satisfied. Good 
wetting due to a low solid-liquid surface energy as compared to solid-vapor 
surface energy improves densification. For traditional LPS the solid should have 
good solubility in the liquid, but the solubility of the liquid in the solid should be 
low. Finally the diffusion rate in liquid should be high enough to promote rapid 
diffusion. Microstructures typical of LPS consist of a solid phase dispersed in a 
continuous solidified matrix. The whole process of LPS can be thought of as four 
overlapping stages: solid-state diffusion driven by chemical concentration 
gradients, rearrangement, solution-precipitation, and SSS [11], [25]–[29]. During 
heating, but before liquid formation, concentration gradients can drive 
conventional SSS. In studies of W-Ni-Fe, up to 90% of densification was found to 
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happen before liquid formation, and system whose solid has a higher solid 
solubility in liquid experience a great degree of SSS before liquid formation [30]. 
Upon liquid formation, there is a drastic increase in the degree of densification, 
solubility continues to determine degree of chemical gradients, and wetting liquid 
dissolves solid-solid bonds. Liquid concentrates centrally, and solid grains are 
pulled together via capillary action leading to an increase in density. Further 
densification proceeds, most often, through solution-reprecipitation. As LPS 
progresses a solid skeleton forms and provides rigidity and inhibits pore 
annihilation. Meanwhile, the smallest grains, having a higher solubility than 
larger ones, dissolve and reprecipitate onto larger ones, leading to grain growth 
[29]. 
2.3.1 Supersolidus Liquid Phase Sintering 
Supersolidus liquid phase sintering (SLPS) is the process in which a pre-alloyed 
powder is heated to a point between its solidus and liquidus temperatures, leading 
to the formation of an intra-particle liquid phase. SLPS has been used in the 
sintering of a large amount of metals, a few of which are nickel based super-
alloys [31]–[33], Bronze [34], stainless steel [26], [29], [35], [36], and aluminum 
alloys [37]. In SLPS the intra-particle liquid spreads to particle boundaries and 
results in capillary force which acts on the semisolid particles. After sufficient 
liquid formation particles fragment into individual grains and the part experiences 
rapid densification due to capillary induced rearrangement [27]. The densification 
in SLPS is often much more rapid than in typical LPS, enabling a reduction in 
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sintering times. This is due to promotion of small amounts of liquid phase at grain 
boundaries by incipient melting at temperatures well below those at which large 
scale melting occurs [31]. Quenching studies on a nickel-chromium-cobalt-
molybdenum alloy with substantial additions of aluminum and titanium powders 
revealed microstructures with liquid in both inter and intra-particle regions 
illustrating that, if the maturation process is long, or a large enough amount of 
liquid is present, intra-granular liquid can coalesce and migrate to the inter-
particle regions further promoting sintering [32].   This formation of intra-particle 
liquid can also promote fragmentation, in which the grain boundary liquid forms 
as a film that, when sufficiently thick, promotes grain sliding and rearrangement 
further expediting densification [34], [35].  
SLPS can work with a wide variety of powder sizes ranging from coarse (>30μm) 
to fine (<10μm). While coarse powders are advantageous in terms of cost and 
contamination, smaller powders can yield better densification especially at sub-
optimal SLPS temperatures. While particle size effects liquid formation 
particularly at temperatures above the solidus, the amount and point at which it 
forms is dependent on the alloy content of the powders as well as the segregation 
behavior exhibited during solidification. As with most PM processes, a broad 
particle size distribution will result in better packing and coordination, resulting in 
more rapid densification and lower distortion. In practice there is no evidence that 
green density strongly effects anything other than dimensional changes during 
SLPS [34]. Since SLPS begins with liquid promotion at intra-particle grain 
29 
 
 
boundaries resulting in particle fragmentation, initial grain size plays a role in 
densification. In all cases, a smaller initial grain size results in better densification 
[29]. 
The amount, location, and spreading of transient liquid during SLPS depend on 
sintering temperature which must exceed the systems solidus temperature to 
induce densification. While phase diagrams can be useful in the identification of 
systems for SLPS, as most powders solidify under non-equilibrium conditions the 
actual temperature at which liquid is formed will differ from the equilibrium 
phase diagram [38]. In addition, the chemistry and quantity of the liquid phase 
will change after initial liquid formation, as the system moves towards 
equilibrium. Eutectic systems are ideal for SLPS, due to the sudden and 
discontinuous formation of inter-granular liquid at the eutectic temperature. 
Vacuum sintering has found to be often preferable for SLPS of austenitic steels as 
it reduces the amount of environmental gas that becomes trapped in the pores, 
limiting final density. However, hydrogen is usually used in the sintering of 
austenitic steels with boron [35], [39], [40]. Due to its solubility in most metals, 
hydrogen allows a higher limiting density during SLPS, and in the case of B-
doped 316L interaction between boron and the steel grains only in a pure 
hydrogen environment. In contrast, nitrogen impedes boron-matrix interaction and 
induces a combined boron nitrogen grain boundary segregation phenomena [39].       
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2.3.2 Boron Addition in Stainless Steel 
Several additives, the most common of which include boron and silicon,  have 
been used to enhance densification of Fe powders through physical or chemical 
augmentation of sintering driving force [41]. Sintering windows can be highly 
dependent on alloying elements, and in many cases small variations in alloying 
content can change the solidus-liquidus gap and therefore sintering window [25], 
[42]. In the context of austenitic stainless steels, both elemental boron addition 
and addition of borides proves effective at widening the solidus-liquidus gap and 
lowering the optimum sintering temperature by acting as a solidus depressant and 
forming a low melting eutectic [35], [39], [40]. Whereas the binary Fe-B phase 
diagram is readily available, a pseudo-binary phase diagram for boron containing 
austenitic stainless is not. Differential thermal analysis is used to characterize 
solidus and liquidus temperatures for each alloy system [40].  SIMS analysis on B 
doped samples shows that boron is mainly distributed in the grain boundary 
network, and no appreciable diffusion back into the iron matrix is observed [39].    
2.4 Corrosion of PM Steels     
As discussed in section 2.1, the corrosion resistance of SS is primarily due to the 
formation of a passivating surface layer. In corrosive environments this protective 
layer is subject to localized attack resulting in pitting, crevice, and intergranular 
corrosion of the underlying steel. In sintered metals in particular, often present 
residual porosity or crevices can act as initiation sites for breakdown of this 
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protective oxide leading to crevice corrosion [8].  As discussed in section 2.1, 
austenitic steels owe their corrosion resistance to passivating alloying elements. 
Cr is primarily responsible for SS’s corrosion resistance, Ni stabilizes its 
austenitic structure and promotes repassivation especially in reducing 
environments, and Mo stabilizes the passive film, particularly in combination with 
Cr. As such, any areas depleted of these elements could show increased potential 
for corrosion as shown in the heavily researched effects of chromium carbide 
formation and resulting sensitization [8], [29], [43]. Overall lower corrosion 
resistance in sintered steels is generally attributed to high porosity, alloying 
effects, and formation of non-ideal phases and in most cases higher densities yield 
better corrosion resistance especially in acidic environments[8]. As discussed in 
section 2.2.3, alloying additions, such as boron, promote full density during 
sintering generally improving to better corrosion resistance. Fedrizzi et al. showed 
that, when sintered under proper conditions, boron addition in SS powders leads 
to full density materials with high corrosion resistance, but hinted at the presence 
of biphasic regions could promote intergranular corrosion [44], and it has been 
shown that anodic and cathodic phases in close proximity can lead to galvanic 
corrosion [2], [43], [45]. The combination of these factors leads to a host of 
considerations when assessing the behavior of PM SS316L in corrosive 
environments due to the complex process that is corrosion.  
This study attempted to relate the effects of elemental composition, SLPS 
(especially in terms of solidification structures), and the BJ process (particularly 
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its effects on porosity) to corrosive behavior observed in PM SS316L. This will 
be an effort to clarify gaps in the body of literature. In particular, while there is 
some literature on the effects of printing parameters on as-printed structures, there 
has been little work on the effects of the character of the as printed structure on 
the evolution of the post-sintered structure, especially porosity. Additionally, as 
the literature shows elemental composition plays a large role in both sintering 
evolution and porosity, both related to liquid phase promotion, corrosion testing 
was performed in order to explore these effects in an application based 
environment.  
2.5 Experimental Objectives 
This study attempted to relate the effects of elemental composition, SLPS 
(especially in terms of solidification structures), and the BJ process (particularly 
its effects on porosity) to corrosive behavior observed in PM SS316L. This will 
be an effort to clarify gaps in the body of literature. In particular, while there is 
some literature on the effects of printing parameters on as-printed structures, there 
has been little work on the effects of the character of the as printed structure on 
the evolution of the post-sintered structure, especially porosity. Additionally, as 
the literature shows elemental composition plays a large role in both sintering 
evolution and porosity, both related to liquid phase promotion, corrosion testing 
was performed in order to explore these effects in an application based 
environment.                 
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Chapter 3: Experimental Approach 
3.1 Experimental Methods 
This chapter lays out the experimental approach and characterization methods 
used in this study. The experiment was developed with the cooperation of the 
Hoeganaes Corporation in order to explore the effects of different alloying 
elements and build directions on additively manufactured stainless steel 316L. 
Samples were built via binder jetting on the ExOne Innovent printing system and 
sintered in a hydrogen belt furnace. The properties and structure of samples 
containing various alloying additions, printed with different build directions, were 
examined using a combination of optical microscopy (OM), scanning electron 
microscopy (SEM) in conjunction with orientation image mapping (OIM) through 
electron backscatter diffraction (EBSD), energy dispersive X-ray spectroscopy 
(EDS), transmission electron microscopy (TEM), selected area electron 
diffraction (SAED), electron energy loss spectroscopy (EELS), and sulfuric 
acid/ferric sulfate based corrosion testing. Additionally, mechanical testing was 
attempted with limited success. Powders were water atomized, printed and 
sintered at Hoeganaes Corporation, located in Cinnaminson, NJ. 
3.2 Powder Characterization 
All powder chemistries were pre-alloyed and solidified using water atomization. 
Chemistries were measured via a combination of X-ray analysis and combustion 
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analysis, and are given by heat number in Table 2. The size distributions of 
powders were characterized via laser diffraction in a Sympatec HELOS Particle 
size analyzer. Their statistical size distributions are reported in Table 3. Powder 
size distributions were found to be normal and average powder sizes ranged from 
16μm to 23μm.The expected irregular shape of the water atomized powders was 
confirmed through SEM observation as shown in Figure 4 and Figure 5. 
Table 2: SS316L Compositions by Heat (wt %) 
Heat # Composition 
Cr Ni Mo Si Cu C N O S Fe 
R5166 18.80 13.60 4.96 0.83 0.04 0.036 0.045 0.30 0.007 Bal 
R5167 19.40 13.80 2.35 0.93 6.95 0.015 0.046 0.41 0.007 Bal 
R5095 18.60 15.50 4.90 0.71 0.04 0.019 0.041 0.35 0.007 Bal 
R5096 18.60 15.40 2.27 0.75 6.70 0.017 0.030 0.46 0.008 Bal 
R5054 18.21 12.89 2.29 0.80 2.00 0.019 0.013 0.45 0.010 Bal 
R5003 17.96 13.12 2.30 0.72 0.04 0.017 0.020 0.28 0.009 Bal 
 
Table 3: Statistical Size Distributions, in microns, of SS316L powders by Heat 
Heat D10 D16 D50 D84 D90 D99 
R5167 5.89 8.91 22.47 38.1 43.14 61.92 
R5166 6.20 9.19 22.81 39.09 43.97 64.22 
R5096 5.54 7.44 16.23 28.37 32.48 48.21 
R5095 6.10 8.07 17.23 29.18 33.44 49.03 
R5054 6.72 9.23 20.41 34.56 38.58 57.83 
R5003 6.59 9.62 23.21 39.55 44.32 65.83 
R5689 9.1  18.3  34.6  
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Figure 4: SEM BSE Image of Powder from Heat R5095 
 
 
Figure 5: SEM BSE Image of Powder from Heat R5095 
36 
 
 
3.3 Sample Manufacturing and Sintering 
All samples were printed via the binder jetting process using the ExOne system 
using a polyethylene glycol binder. A layer thickness of 100μm was used for all 
samples. Three types of sample geometry were considered: small transverse 
rupture specimens, larger transverse rupture specimens, and large cylindrical bars. 
An example of each of these is shown in Figure 6, Figure 7, and Figure 8.  All 
Samples were built in a direction perpendicular to the build platform by 
successive layering and binder deposition, with each layer being parallel to the 
build platform. Build direction of cylindrical samples was varied by orienting the 
long axis of each part either parallel to the axis of binder-deposition printing head 
movement (referred to as the X-direction) or perpendicular to the axis of printing 
head movement (referred to as the Y-direction). A clarification of this can be seen 
in Figure 9 in which the blue arrows represent the direction of printing head travel 
and the blue dotted lines represent the theoretical areas of binder deposition. After 
printing, the entire build platform is removed, unbound powder included, and 
cured in a preliminary box oven before the parts were depowdered and sintered. 
Sintering was performed under hydrogen atmosphere in a continuous belt furnace. 
All three sets of samples were sintered at 2350
o
F (1288
o
C), but with varying belt 
speeds. TRS-type samples, such as those shown in Figure 6 and Figure 7, were 
sintered at a belt speed of 1.2 inches-per-minute (IPM) (0.508 mm/s) and the 
larger cylindrical bars, as shown in Figure 8 were sintered at a faster belt speed of 
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2.75 IPM (1.164mm/s). No post-sintering processes were performed on any 
samples. 
 
Figure 6: Small TRS Sample (scale in cm) 
 
 
Figure 7: Large TRS Sample (scale in cm) 
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Figure 8: Large Cylindrical Sample (scale in cm) 
 
 
Figure 9: Diagram of Differences in Binder Deposition Between b) X and a) Y 
build directions 
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3.4 Sample Sectioning and Preparation 
In order to more clearly discuss various cross sections and sample orientations it 
is necessary to establish a coordinate system convention. All discussion of cross 
section and sample orientations will be done relative to the axis laid out in Figure 
9. By this convention the x-axis is always parallel to the direction of printing head 
movement, the y-axis is always perpendicular to the direction of printing head 
movement while still parallel to the build platform, and the z-axis is always 
normal to the build platform. Cross sections will be referred to as either 
longitudinal or transverse. An illustration of possible cross sections and their 
relation to build orientation is shown in Figure 10. Important to note is that 
samples in this study were built with their long axis parallel to either the X or Y 
axis, never the Z axis.  
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Figure 10: Possible Longitudinal and Transverse Cross Sections of Samples 
 
Preliminary microstructural characterization was performed on TRS type samples 
such as those shown in Figure 6 and Figure 7. Both transverse and longitudinal 
cross sections were examined via optical microscopy (OM), SEM, and EBSD in 
order to explore grain or pore size, morphology, and texture. Further 
microstructural observation of cylindrical bars was performed in order to confirm 
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similar microstructures across different sample types. However, samples cut from 
cylindrical bars were used primarily for corrosion testing. Samples were cross 
sectioned on a high speed saw before being mounted in two-part epoxy, with the 
exception of those to be used for corrosion tests which remained unmounted. All 
mounted samples were polished on a Buehler EcoMet 250 Pro auto-polisher using 
SiC papers of successively finer grits (250, 400, 600, 800, and then 1200) for 5-10 
minutes each. Fine polishing for SEM observation was performed on the same 
equipment using a microfiber polishing pad with 6, 3, and 1μm diamond 
suspensions for 10-20 minutes each. Finally, samples destined for high 
magnification SEM and EBSD analysis were placed in a vibratory polisher with a 
50% by volume 0.02μm colloidal silica slurry with water for roughly 24 hours. 
Samples from cylindrical bars intended for corrosion testing were cut transversely 
into disks with heights ranging from 11.4mm to 4.3mm and diameters ranging 
from 12.6 mm to 10.4 mm. The average height and diameter of the 32 samples 
tested was 5.7 mm and 11.6 mm respectively. The cut surfaces of these samples 
(the transverse plane) were then polished by hand on a Buehler MetaServ 250 on 
SiC papers of successively finer grit (250, 400, 600, 800, and then 1200). The 
cylindrical wall of the disks was left unpolished, thus retaining their as-sintered 
surface finish.  
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3.5 Corrosion Evaluation 
Procedures for corrosion tests were chosen through adaptation and modification 
of Practice B of ASTM standard A0262-14: Standard Practices for detecting 
Susceptibility to Intergranular Attack in Austenitic Stainless Steels. In this 
standard a specimen representative of the material to be evaluated is immersed in 
a boiling ferric sulfate and sulfuric acid solution for a specified time. The 
resulting mass loss is converted into an equivalent corrosion rate using the 
formula below. 
                     
         
         
 
Here, t = duration of immersion in acid (hrs), A = area of test specimen in cm
2
, W 
= mass loss in grams, d = density of test specimen in g/cm
3
. Corrosion sample 
preparation was performed as discussed in section 3.4 which deviated from the 
standard in that the cylindrical as-sintered surface was left unpolished in order to 
evaluate the its resistance to intergranular corrosion. As per the standard the 
sulfuric acid-ferric sulfate (SA-FS) solution was prepared in the apparatus shown 
in part a) of Figure 11 beginning with 400mL of regent grade distilled water. 
236mL of sulfuric acid was then added slowly while stirring to allow any heat 
evolved to dissipate. Finally, 25g of ferric sulfate and a pinch of Teflon boiling 
chips were added and the solution was mixed and heated via a magnetic stirring 
and heating plate till the ferric sulfate had completely dissolved. Upon complete 
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dissolution stirring was discontinued and the solution was allowed to boil. After 
taking pre-corrosion mass and surface dimension measurements, sample 
specimens were placed in custom made perforated Teflon baskets, shown in part 
b) of Figure 11, and then immersed in SA-FS solution. Preliminary tests revealed 
the possibility of large variations in mass lost due to accelerated crevice corrosion 
dependant on how samples rested against the bottom of the baskets so all reported 
test were performed by filling the bottom of the baskets with a layer of Teflon 
boiling chips before samples were placed inside and immersed. After 24 hours in 
the SA-FS solution samples were removed, sonicated for 60 seconds in water, and 
then placed on a hot plate at 150-200
o
C for 20 minutes in order to evaporate any 
liquid that was able to penetrate into the pores during either the corrosion test, or 
sonication. Samples are then allowed to cool and a final post-corrosion mass is 
taken.    
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Figure 11: a) Sulfuric Acid-Ferric Sulfate test Apparatus and b) Sample Basket 
         
3.6 Microstructural Characterization 
3.6.1 Optical Microscopy 
Optical Microscopy was used primarily as a method for constructing panoramic 
images of sample cross-sections which were then used in quantifying porosity as a 
percentage of surface area. Images were captured for analysis using a SPOT 
insight camera in conjunction with a light microscope running SPOT 5.2 
software. A series of images were taken spanning the entire face of the sample 
and then a stitching algorithm was used to automatically stitch the individual 
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images together into a panoramic image of the entire sample face. Panoramas 
were constructed using two programs. Transverse panoramas were made using the 
demo version of Autostitch, a program based on the SIFT algorithm developed by 
Matthew Brown and licensed by the University of British Columbia. Longitudinal 
panoramas were constructed using Microsoft’s Image Composite Editor. ImageJ 
was used to calculate surface area fraction of porosity by creating a high contrast 
image though adjusting the threshold of the panorama and performing particle 
size analysis on the dark pores as if they were particles. An example of these high 
contrast images can be seen in Figure 12.     
 
Figure 12: High Contrast Panoramic Image for Pore Analysis Produced via 
ImageJ Processing  
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3.6.2 SEM and EDS Characterization 
SEM observation for this study was conducted on a Philips XL-30 Schottky Field 
Emission Gun (FEG)-ESEM equipped with an EDAX energy dispersive 
spectroscopy (EDS) system, secondary electron (SE) and backscattered electron 
(BSE) detectors, and an EDAX TSL camera/detector for OIM analysis. All of 
these characterization tools were used for analysis on various types of samples 
throughout the study, such as longitudinal and transverse cross-sections, powder 
cross-sections, and both polished and as built surfaces. Parameters typically used 
for SE and BSE imaging ranged from 10-30kV, an objective aperture ranging 
from 30-100μm, and a spot size ranging from 3-5. Working distance was widely 
varied during general imaging but was kept at 12mm during EDS. EDS data 
collection was performed using an attached EDAX EDS detector with EDAX 
Genesis Spectrum software. During EDS data collection an accelerating voltage 
of 30kV was maintained with a spot size of 5 and an objective aperture of 100μm 
in order to maximize signal collection from the sample. 
3.6.3 Orientation Imaging Microscopy (OIM) Overview 
OIM data collection was performed using an EDAX TSL detector and data was 
analyzed using OIM TSL Analysis 7 software. During data acquisition, an 
accelerating voltage of 30kV was used with a spot size of 5 and an objective 
aperture of 100μm. Working distances ranging from 17-20mm were used 
depending on sample geometry and desired scan area. This technique was 
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primarily employed in order to explore any possible anisotropy of grain size and 
texture resulting from the building process or sintering. A total of roughly 50 
individual scans of all sample types and build directions were collected. Due to 
the presence of unknown secondary phases, porosity, and an inability to 
distinguish between the two, scans were not subjected to standard grain dilation 
cleanup. Instead, when calculating grain texture, scans were sorted by average 
confidence index (CI) and any scans with an average CI below 0.2 were excluded. 
Within each scan, any points falling below a specific confidence index were 
excluded instead of attributed to a neighboring grain. Selection of a cutoff CI for 
points in a given scan was done via trial and error in order to ensure preservation 
of fully austenitic grains and exclusions of unknown eutectic phases and pores. 
For calculation of grain sizes the same practice was employed, but with added 
criteria. For consideration as grains a minimum grain tolerance angle of 5
o
, 
minimum grain size of 40 pixels, and a minimum CI ranging from 0.15-0.2 was 
used. In addition, valid grains were required to contain multiple rows and twined 
grains were treated as single grains. Edge grains were excluded. Grain size and 
texture calculations were done after excluding edge grains and scans contained 
167 grains per scan on average. An example of a unique grain color map before 
and after this process is shown in Figure 13. Pole figures, a stereographic 
projection of the crystallographic directions present in constituent grains of a 
material, are used to represent texture. Grain sizes are reported as distributions of 
grain diameters present in a given scan. Scan areas for a given sample were 
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chosen at various magnifications in both porous and non-porous regions. Scan 
magnifications were varied from 100-250x in order to isolate those regions. 
Collection parameters varied from 2x2-4x4 binning and step sizes of 1-6μm. 
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Figure 13: Unique Grain Color Map a) Before and b) After Manual Cleanup 
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3.6.4 TEM, SAED, and EELS Overview 
TEM characterization was performed on two different microscopes. All TEM 
samples were prepared with a FEI DB235 dual-beam focused ion beam (FIB) 
using a conventional lift-out procedure.  
 SAED was employed in hopes of identifying unknown phases and compounds 
and, was performed using a JEOL JEM2100 with a double tilt holder. After 
sample alignment and focusing, diffraction patterns were acquired at six different 
zone axis. Acquired patterns were then indexed using Gatan DigitalMicrograph. 
Preliminary comparisons of acquired patterns to those from known structures was 
done using CrystalMaker and SingleCrystal, and promising matches were further 
analyzed using NanoMEGAS indexing software.  
EELS and TEM-EDS were performed on a JEOL 2100F in hopes of mapping 
boron distributions in areas of extensive elemental segregation. All analysis on 
this microscope was performed at 200keV. EELS was acquired using a Gatan 
Quantum GIF energy filter and a Gatan K2 Summit direct detection sensor. TEM-
EDS was captured using an Oxford silicon drift detector with an area of 70mm
2
.  
3.6.5 Supplementary Image Analysis 
OM and SEM images were analyzed using ImageJ for fractional porosity and 
secondary phase content per cross section. Optical micrograph panoramas from 
both transverse and longitudinal cross sections of all sample geometries were 
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observed and analyzed in order to quantify porosity and identify patterns in its 
distribution. This was done using the particle size analyzer plug-in for ImageJ.  
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Chapter 4: Results 
The results of characterization experiments on BJ SS316 and interpretation of the 
results are presented in this chapter. Investigation was approached moving from 
macro to micro scale, starting with bulk characterization and ending with 
microstructural analysis. Samples will be referred to as either “TRS heat#”, such 
as TRS R5003, for TRS samples or “heat#-build direction”, such as R5689-X, for 
cylindrical bars.  
4.1 Macrostructure 
As the properties of the as sintered part depend directly on the structure of the as-
printed and cured perform it is important to have an understanding of the latter. 
An SEM-SE image of a brown structure before sintering is shown in Figure 14 in 
which the direction of deposition is out of the page, and the direction of print head 
travel is in the Y-direction with respect to the page. From this image we can see 
linear arrangements of preferential bound irregular water atomized powder and 
the much smaller and spherical binder.  
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Figure 14: SEM-SE Images at Various Magnifications Showing As-Printed 
Brown Structure   
   
4.1.1 Distortion 
Observation of as-sintered samples, both TRS samples and cylindrical bars, 
showed a large potential for shrinkage, slump, and blistering during sintering with 
the cylindrical bars experiencing the worst of it. Examples of the cylindrical parts 
with these as-sintered distortions can be seen in Figure 15 and Figure 16. Heat 
R5689-Y showed the lowest tendency for blemishes; however, the sample still 
experienced dimensional distortion as can be seen in Figure 15c, which shows 
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post-sintering curvature, and Figure 15d which shows slight longitudinal 
delamination at the end of the bar, most likely resulting from anisotropic 
shrinkage along the longitudinal plane. R5689-X samples also experienced 
anisotropic shrinkage along the longitudinal plane resulting in delamination –
similar to R5689-Y– as seen in Figure 16c. However, these samples showed a 
large tendency towards transverse cracking, the most extreme of which is shown 
in Figure 16b. Transverse cracking was observed, to a lesser extent, in R5095-X 
as well, shown in Figure 16e. Delamination was also present in the X build 
direction and other chemistries. The most extreme example of delamination 
occurred in R5095-Y as show in Figure 15b and was most like due to slump 
during liquid phase sintering. Slump induced delamination was also observed in 
R5166-Y as shown by Figure 16a, and was accompanied by formation of a large 
pore along the plane of delamination and slump. Blistering was perhaps the most 
present source of post sintering defects and was found in almost all samples as 
seen in Figure 15a, b, and c as well as Figure 16a,d, and e.        
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Figure 15: Photographs of As-Sintered Cylindrical Bars of Heats a.) R5167-Y, b.) 
R5095-Y, c.) R5689-Y, d.) R5689-Y 
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Figure 16: Photographs of As-Sintered Cylindrical Bars of Heats: a.) R5166-Y, 
b.) R5689-X, c.) R5689-X, d.) R5166-X, and e.) R5095-X 
Most of the post sintering defects discussed can be attributed to two main factors: 
the formation of large internal pores and the presence of a large amount of liquid 
phase during sintering.  
In general, pore growth in LPS occurs through several mechanisms, such as the 
absorption of smaller pores by larger ones and the production of vapor and 
subsequent gas diffusion through liquid during sintering[28]. In the case of parts 
made through a BJ process, there is an increased tendency for vapor production 
due to binder burnout. These large pores often present themselves as the blistering 
shown in Figure 15 and Figure 16 in which each blister is likely accompanied by 
57 
 
 
a sub-surface pore [28]. This is especially apparent in Figure 15a where the blister 
on the left side of the bar is exhibits a surface hole through which the trapped gas 
escaped, leaving behind a cavity.  
Whereas the large amount of blistering is most directly related to pore formation 
and growth, the distortion and delamination see in Figure 15 and Figure 16 is 
most directly related to liquid phase formation during LPS. Excess liquid 
formation often leads to increased amounts of distortion and slumping due to 
gravity induced solid-liquid separation [26]. In BJ parts, these effects in 
combination with the layer-by-layer powder and binder deposition create the 
intra-layer interfaces along which delamination through anisotropic shrinkage, as 
seen in Figure 15d and Figure 16c, can more readily occur. These interfaces, 
possibly in combination with escaping pores, also provide an initiation site for the 
slump delamination shown in Figure 15b. 
Mechanical testing was attempted, unsuccessfully, many times. For the first 
attempt, cylindrical bars such as those in Figure 8 were printed on a larger printer 
at ExOne. The cured brown structures where then sent back to Hoeganaes to be 
sintered under the same conditions. Upon arrival Hoeganaes’ furnace was down, 
so brown parts were sent back to ExOne for sintering in their vacuum furnace. 
During this trip the brown parts fell apart in the mail. A second attempt was made 
to print cylindrical bars at Hoeganaes after their installation of a larger ExOne 
cylindrical bars were printed in both the X and Y directions, and sintered at 
Hoeganaes. Parts experienced a large amount of distortion, blistering, and slump 
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during sintering. Upon attempted machining the degree of internal porosity 
proved too large for safe machining. An image of a partially machined part is 
shown in Figure 17. The remaining time table for this project prevented any 
further attempts to acquire mechanical data. This would be a great area for further 
research. 
 
Figure 17: Failed Machining Due to Large Pores 
4.1.2 TRS Porosity 
As discussed in section 4.1.1, sintered parts experienced a large degree of 
distortion during sintering, much of which was due to porosity. Both transverse 
and longitudinal cross sections of TRS and cylindrical bar were examined in order 
to observe as-sintered porosity. Figure 18 shows a collection of transverse 
micrographs of TRS samples, from the same heat, which were all sintered on the 
same tray in hydrogen belt furnace. Samples had a carbon content of about 0.03% 
pre-sintering and 0.05% post sintering.   
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Figure 18: Micrographs of a Collection of TRS Samples For the Same Heat All 
Sintered on the Same Tray at the Same Time 
The highly variable porosity found in these samples was found to be indicative of 
all parts observed. Longitudinal and transverse cross sections of TRS bars were 
also observed and are shown in Figure 19 and Figure 20 respectively. From these 
images it can be seen that, while the amount and size of the residual porosity is 
highly variable, it is concentrated in the center of the bar. This is coincident with 
fully dense areas of variable thicknesses around the perimeters of the cross-
sections.     
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Figure 19: Optical Micrograph of Longitudinal Cross-Sections of TRS Samples 
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Figure 20: SEM-SE Images of Transverse Cross-Sections of TRS Samples 
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4.1.3 Cylindrical Bar Porosity 
Both longitudinal and transverse imaging of pores was also performed on 
cylindrical bars. Examples of transverse panoramic optical images can be seen in 
Figure 21, Figure 22, Figure 23, and Figure 24. The blue bar in these images 
represents the portion of the bar’s surface that was in contact with the tray during 
sintering, and will be referred to as the base of the part. 
 
Figure 21: Optical Transverse Panoramas of R5689 X and Y 
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Figure 22: Optical Transverse Panoramas of R5095 X and Y 
 
 
Figure 23: Optical Transverse Panoramas of R5166 X and Y 
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Figure 24: Optical Transverse Panoramas of R5167 X and Y 
While the high variability of porosity prevents Figure 21, Figure 22, Figure 23, or 
Figure 24 from being representative of any large group of samples, several 
interesting features can still be seen. Figure 21a and b (R5689) both show 
spatially linear distributions of pores which increase in size and concentration as 
their distance from the base of the part increases. They are also both characterized 
by a nearly continuous region of near-full density running along the perimeter of 
the sample face. Figure 22a (R5095-X) shows much less defined linear pore 
groupings whose size and concentrations do not appear to vary in relation to the 
part’s base. Figure 22b (R5095-Y) shows no linear arrangement of pores but a 
greater than average amount of large pores which are located closer to the top of 
the part than the base. Figure 23a (R5166-X) shows a slightly linear pore 
distribution the largest pore of were not found in the top regions of the part as in 
Figure 21a and b, Figure 22b, or Figure 43b. Figure 23b (R5166-Y) showed very 
little linearity in pore distributions but with large pores closest to the top of the 
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part. Figure 24a (R5167-X) shows the highly linear pore distribution and a high 
number of pores whereas Figure 24b (R5167-Y) is characterized by almost no 
linearity in distribution, but with a higher concentration in the center of the part. 
Almost all parts displayed some amount of full dense region along their perimeter 
except were a large pores were attempting to escape, such as in Figure 22b. 
Images such as those in Figure 21, Figure 22, Figure 23, and Figure 24 were used 
to calculate porosity as a percentage of surface area a plot of which is shown in 
Figure 25. From this plot we can see that there is a slight tendency for parts built 
in the X-direction to be more porous by surface area percentage than Y-direction 
parts, although this is not an absolute trend. Also notable are parts from heat 
R5167 to be more porous than other heats in both the X and Y directions.  
 
Figure 25: Porosity by % Area of Cylindrical Transverse Cross-Sections 
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Similarly, panoramic images of longitudinal cross sections were created and their 
porosity analyzed. Optical panoramas of longitudinal cross sections can be seen in 
Figure 26, Figure 27, Figure 28, and Figure 29. 
 
Figure 26: Longitudinal Optical Panoramas of Base Chemistry (R5689) X and Y 
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Figure 27: Longitudinal Optical Panoramas of +Ni and +Mo Chemistry (R5095) 
X and Y 
 
Figure 28: Longitudinal Optical Panoramas of +Mo Chemistry (R5166) X and Y 
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Figure 29: Longitudinal Optical Panoramas of +Cu Chemistry (R5167) X and Y 
Figure 26a and b (R5689-X) show a predominantly linear arrangement of pores 
with a fully dense region around the perimeter as seen in many TRS samples. 
Figure 26b also shows a small transverse crack as discussed in section 4.1.1 
Figure 26c and d (R5689-Y) show linear pore distributions along the length of the 
bar with one linear cluster more pronounced than the others. In Figure 26c this 
pronounced cluster is curved due to sintering distortion. Figure 27a and d (R5095) 
show large pores which are elongated along the length of the X-direction-bar, but 
not the Y-direction-bar. Figure 27b and c are very dense by comparison with 
centrally concentrated porosity. None of the images in Figure 27 appear to display 
a strong linear distribution in porosity. All conditions in Figure 28 (R5166) show 
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large pores elongated and distributed linearly along the length of the bars. Small 
pores also seem to have a spatially linear arrangement. Figure 24a (R5167) shows 
a large pore that is slightly elongated along the long axis of the bar, whereas 
Figure 29b shows an absence of particularly large pores, but a slight linearity in 
pore distribution. Figure 29c and d (R5167-Y) show a highly linear pore 
distribution of small pores. From images such as those discussed above porosity 
as a percentage of surface area was calculated and is shown in Figure 30. From 
this plot we see that, as in Figure 25 heat R5167 tends to be the most porous in 
both directions, followed by R5095 and R5166, with R5689 being consistently the 
densest. Unlike the plot of transverse cross-sectional porosity, the plot of 
longitudinal cross-sectional porosity does not suggest a tendency for parts built in 
the X directions to be consistently more porous than their Y direction 
counterparts. 
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Figure 30: Porosity by % Area of Longitudinal Cross-Sections of Cylindrical Bars 
 4.3 Microstructure 
The as-sintered microstructure observed in both initial TRS and subsequent 
cylindrical bar characterization was very similar to other PM based LPS alloys in 
which densification occurs via the promotion and infiltration of a transient liquid 
phase in between and around pre-existing powders [11], [28], [46]. This process 
resulted in a microstructure consisting of grains which evolved from the 
coarsening of the un-melted powder surrounded by solidified liquid phase and 
precipitates, which were mostly absent where particle-to-particle contact was 
maintained during sintering. This microstructure was consistent across all samples 
despite porosity varying greatly as discussed previously. A representative 
example of this microstructure as observed in both TRS and cylindrical samples 
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can be seen in Figure 31. Further grain characterization of this microstructure was 
performed primarily through EBSD, and was used to quantify grain size and 
texture of both TRS and cylindrical samples.  
 
Figure 31: Representative BSE-SEM Image of As-Polished Microstructure, As-
Sintered Condition R5095-TRS 
4.3.1 Grain Characteristics of TRS Samples 
Preliminary EBSD characterization was performed on TRS samples and focused 
on comparing grain sizes and texture of porous and non porous regions. A total of 
23 scans were performed, and from these grain size and texture was calculated. 
Figure 32 shows inverse pole figure (IPF) maps, with grayscale filtering by 
confidence index, of both porous and non-porous regions of a TRS sample of heat 
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R5054 found to be representative of all porous vs. non-porous EBSD scans of 
TRS samples. From these scans pole figures were generated and a representative 
sample of 4 out of 6 TRS heats are shown in Figure 33. From these figures and 
maps it is apparent that all observed grain structures are equiaxed and of random 
orientation as is common in parts sintered from a powder precursor [11], [25], 
[26]. 
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Figure 32: Inverse Pole Figures of TRS R5054 a.) Porous and b.) Non-Porous 
Regions 
74 
 
 
 
Figure 33: Representative Pole Figures of Porous and Non-Porous Regions of 4 of 
6 TRS Heats 
 
Figure 34: Average Grain Diameter of TRS Samples by Heat 
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Figure 35: SEM-SE Image of Solidified Perimeter of TRS R5096 
EBSD Scans were also used to calculate grain size distributions for porous and 
non-porous regions. Scan specific size distribution were found to be normal, so 
only average diameter and standard deviations are reported in Figure 34. From 
this figure no effect of porosity on local grain size in TRS samples is apparent. 
Important to note is the absence of non-porous grain size data for the chemistry 
with elevated nickel, heat R5096, this is due to the extension of the porous region 
almost completely to the edge of the cross-section as shown in Figure 35. As-
sintered average grain diameter was compared to the starting D50 for each powder 
in order to quantify grain coarsening during sintering. Coarsening is reported as 
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percentage change between starting average powder diameter and post-sintering 
average grain diameter in Table 4. 
Table 4: Grain Coarsening of TRS Samples, by % Change between Powder 
Precursor and Post-Sintered Grain Diameter 
Heat R5003 
(Base) 
R5054 
(2%Cu) 
R5095 
(+Ni/Mo) 
R5096 
(+Ni/Cu) 
R5166 
(+Mo) 
R5167 
(7%Cu) 
Grain Growth 
as % Change 
124 224 237 235 145 159 
4.3.2 Grain Characteristics of Cylindrical Bars 
Subsequent EBSD on cylindrical bars printed in both X and Y directions also 
focused on examining possible difference in microstructure between porous and 
non-porous regions, but with the added comparison of X and Y build directions. 
A total of 23 scans were performed, and from these scans average grain size and 
texture was calculated. Figure 36 shows IPF maps, with grayscale filtered by 
confidence index, of porous and non-porous regions of R5167 samples built in 
both X and Y directions. These scans, much like those in Figure 32, were found to 
be representative of all scans of cylindrical bar samples. From these scans pole 
figures were generated for both X and Y build directions, shown in Figure 37 and 
Figure 38 respectively. Again, these maps and figures support that all observed 
grain structures were equiaxed and or random orientations. 
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Figure 36: Representative IPF Maps both Porous and Non-Porous regions of 
Cylindrical Bar R5167, Both X and Y Build Directions 
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Figure 37: Representative Pole Figures of Porous and Non-Porous Regions of All 
Cylindrical Samples Built in the X-Direction 
 
Figure 38: Representative Pole Figures of Porous and Non-Porous Regions of All 
Cylindrical Samples Built in the Y-Direction 
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Figure 39: Average Grain Diameter of Cylindrical Samples by Heat and Build 
Direction 
EBSD scans were used to calculate grain size distributions for porous and non-
porous regions of all heats built in both X and Y directions and scan specific grain 
size distributions were found to be normal, as were those found with TRS 
samples. Average grain diameter and standard deviation of for all heats and both 
X and Y build directions are shown in Figure 39. From this figure a slight effect 
of porosity on local grain size can be observed, especially in the X build direction. 
Specifically, it seems that the porous regions have slightly smaller average grain 
diameters. This is typical, as porosity has been shown to inhibit grain coarsening 
in the later stages of sintering [11], [47]. As with TRS samples, certain 
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chemistries did not have sufficient fully dense areas for scanning, specifically 
heats R5095-X and R5166-X, as seen in their absence from Figure 37 and Figure 
39. As-sintered average grain diameters were again compared to their powder 
precursors in order to quantify grain coarsening during sintering the results of 
which are reported in Table 5 as a percent change. 
Table 5: Grain Coarsening of Cylindrical Samples, by % Change between Powder 
Precursor and Post-Sintered Grain Diameter 
% Average Diameter Change from Powder Precursor to Final Grain Diameter 
 X Y 
 Porous Non-Porous Porous Non-Porous 
R5689(Base) 187 212 164 227 
R5095(+Ni +Mo) 214 N/A 248 245 
R5166(+Mo) 94 N/A 170 181 
R5167(+Cu) 157 167 146 205 
 
4.4 Elemental Segregation and Precipitation 
Liquid phase sintering, as discussed in section 2.2, leads to interesting elemental 
segregation behaviors in the solidified regions found between grains, as shown in 
Figure 31. A higher magnification image of this segregated region can be seen 
below, in Figure 40. Non-equilibrium solidification structures were observed in 
all sample conditions with elemental distributions varying in dependence on alloy 
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chemistry. Spatial EDS mapping was used to qualitatively assess differences in 
segregation behavior across various chemistries. EDS maps representative of the 
various segregation behaviors observed across different chemistries are shown in 
Figure 41 and Figure 46.  
 
Figure 40: SEM-SE Image of Segregated Intergranular Structure resultant from 
the Eutectic Solidification 
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4.4.1 SEM EDS 
 
Figure 41: EDS Map of Segregation Behavior Typical of Heat R5003/R5689 
 
Figure 42: EDS Map of Elemental Segregation Typical of Heat R5054 
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Figure 43: EDS Map of Elemental Segregation Typical of Heat R5166 
 
Figure 44: EDS Map of Elemental Segregation Typical of Heat R5167 
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Figure 45: Map of Elemental Segregation Typical of Heat R5095 
 
 
Figure 46: EDS Map of Elemental Segregation Typical of Heat R5096 
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From these figures several interesting trends emerge. Present in all chemistries is 
a tendency for Ni and Fe to deplete in areas of Cr or Mo enrichment. In samples 
with 2% or more Cu, regions of Fe and Ni depletion/Cr and Mo enrichment were 
found to be Cu depleted, where areas of Mo enrichment were slightly less Cu 
depleted than Cr rich areas. The emergence of two different segregation behaviors 
across the various chemistries was also observed. While heats with elevated 
molybdenum content saw segregation of chromium and molybdenum to the same 
areas, as seen in Figure 43 and Figure 45, all other chemistries saw segregation of 
these two elements into separate Cr and Mo structures, as shown by annotations in 
Figure 41, Figure 42, Figure 44 and Figure 46. Areas of Cr enrichment in samples 
presenting these two different segregation tendencies were consistently found to 
be of an elongated and angular morphology whereas regions of Mo enrichment 
were relatively smaller, of a lamellar structure, and most often adjacent to Cr rich 
areas. In samples with elevated Mo content, where a singular segregation 
behavior was observed, that structure was also of a lamellar morphology, in which 
lamellae consist of Cr and Mo rich areas with Fe and Ni depletion alternating with 
regions of a composition similar to the surrounding grains as shown by Figure 43 
and Figure 45. One EBSD Scan was able to successfully index half of this 
eutectic region in TRS R5095 as shown in Figure 47. From intergranular regions 
in this map it can be seen that, in samples with elevated Mo content, the Fe and Ni 
containing lamella maintain an austenitic structure.       
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Figure 47: IPF Map of TRS R5095, Filtered by Confidence Index, Depicting 
Austenitic half of Intergranular Eutectic Structures 
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Figure 48: Optical Micrograph of Large Longitudinal Pore Containing Large 
Solidification Structures in R5167-X 
 
Figure 49: SE-SEM of Large Solidification Structures in Sample R5167-X at a.) 
250x and b.) 1500x 
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Figure 50: EDS Map of Large Scale Segregation Structures in R5167-X 
While these behaviors were found to constitute the majority of intergranular 
segregation phenomena observed in this study there were several instances in 
which large pores, such as those in Figure 29a, appear to fill with liquid during 
sintering which then solidified forming segregated structures much larger that 
those seen in intergranular regions. Figure 48 shows on optical micrograph of 
R5167-X, of what was a large longitudinal pore, demarked by an oval, filled by 
transient liquid, which has then solidified. This results in large regions of 
elemental segregation and precipitate formation. Figure 49 shows an SE-SEM 
image of these structures, again in R5167-X, at 250x and 1500x. Figure 50 shows 
an EDS map of these structures. From these images (Figure 48, Figure 49, and 
Figure 50) it is apparent that these large segregated regions follow the same 
segregation tendencies observed in the smaller, intergranular structures as shown 
in Figure 44.  
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4.4.2 STEM EELS & EDS 
TEM characterization was used in an effort to identify the non-austenitic regions 
resulting from the eutectic segregation discussed in the previous section. SAED 
was performed on the non-austenitic region of TRS R5166. Diffraction pattern 
were acquired at six different zone axis of a specific grain. These patterns and 
accompanying images are shown in Figure 51. Lattice parameters were calculated 
from these patterns in compared to a large number of chromium and molybdenum 
borides from various databases. Preliminary comparisons showed possible 
matches to CrB2, MoB2, B2Cr, and Cr0.6Mo0.4. NanoMEGAS was used to compare 
CIF files for these compounds to the acquired diffraction patterns. All attempts 
yielded a non-fit. 
 
Figure 51: TEM Images and SAED Patterns from Unknown Eutectic Phase in 
TRS R5166 
EELS was performed in an effort to clarify the role of boron in the two types of 
segregation structures reported in the previous section. Figure 52 shows an 
annotated HAADF image of a FIB lift-out made from TRS R5003. In the image 
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regions 1 and 4 are austenitic, from granular and inter-lamellar regions 
respectively. Regions 2 and 3 are what were shown to be, in Figure 41, a Cr-rich 
structure and Mo-rich lamella respectively. TEM-EDS of regions 1 and 2 are 
shown in Figure 53 and regions 3 and 4 are shown in Figure 54. TEM-EDS maps 
were found to be in agreement with SEM-EDS in describing elemental 
segregation tendencies. Important to note is while the Cr Map of region 2 in 
Figure 53 appears to show less Cr than regions adjacent to it, in disagreement 
with SEM-EDS, this is most likely due to preferential milling of this section 
relative to the others. This would result in region 2 being thinner than the 
surrounding regions, thus leading to fewer counts from this region for all elements 
as supported by all maps in Figure 53. 
 
Figure 52: HAADF Image of TRS R5003 of Area used for TEM-EDS Analysis, 
with Phase Annotations 
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Figure 53: TEM-EDS of R5003 HAADF Regions 1 and 2 
 
 
Figure 54: TEM-EDS of R5003 HAADF Regions 3 and 4 
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Figure 55: EELS Spectra a.) without Boron Edge and b.) with Boron Edge at 
188eV 
While the sample in Figure 52 proved too thick for complete spatial mapping of 
boron, EELS was still successful when performed on the thin edge, at the top of 
the sample. From this, the presence of boron in each of the annotated regions 
could be surmised. An example of the difference in EELS spectra between 
regions with and without boron can be seen in Figure 55 in which the boron edge 
is circled. From this analysis boron was found in regions 2 and 3, areas of Cr and 
Mo enrichment respectively. This behavior was found to be consistent across 
chemistries without elevated Mo content. For all samples with elevated Mo 
percentages TEM-EDS was also found to be in agreement with SEM-EDS. FIG 
shows a TEM-EDS scan of both a Cr and Mo rich lamella and surrounding 
austenitic region of TRS R5095, including maps of boron and silicon. From these 
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maps we can see that boron is again enriched wherever Cr and/or Mo are as well. 
Thus boron segregates to areas of Cr and Mo enrichment in both types of 
segregation behaviors observed. 
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Figure 56: TEM-EDS of Lamella in TRS R5095 
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 4.5 Corrosion Testing  
As both porosity and elemental segregation have been shown to play a large role 
in the corrosive behavior of metals [29], [48], [49], several rounds of corrosive 
testing were performed on cylindrical bars from heats R5689, R5095, R5166, and 
R5167 printed in both the X and Y direction. A total of 32 samples were prepared 
and evaluated using a modified ASTM A0262-14 boiling sulfuric acid test as 
discussed in section 3.5. As discussed, only the transversely cut faces of these 
samples were polished. The cylindrical wall surface was left with an as-sintered 
surface finish in order to examine its corrosion behavior. A representative image 
of a typical sample for corrosion evaluation can be seen in Figure 57. Corrosion 
rates were measured in mm/month. Figure 58 shows all observed corrosion rates 
plotted by heat and print direction. From this graph it can be seen that observed 
corrosion rates fell into three regimes: rates below 3mm/month, rates 5-
20mm/month, and rates above 30mm/month.  An example of samples from each 
of the groupings can be seen in Figure 59. 
 
Figure 57: Typical Transversely Cut Sample, Pre-Corrosion 
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Figure 58: Corrosion Rate, in mm/month, of All Samples Tested by Heat and 
Print Direction 
 
Figure 59: Image of Post-Corrosion Samples from a.) the Lowest Regime, b.) the 
Middle Regime, and c.) the Upper Regime 
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While all heats and build directions had samples displaying rates in the lowest 
regime, all samples with rates in the middle regime were from the X-direction-
built heat with elevated Cu content, R5167-X, and all samples in the upper regime 
were from either R5166-X or R5095-X, heats with elevated Mo and elevated Mo 
and Ni respectively. All seven samples from R5689, both X and Y, can be found 
in the lowest regime.  
These corrosion rates were compared to density values obtained from both 
porosity analysis by surface area percentage of the corrosion samples itself, and 
immersion density testing of a transverse cut adjacent to the corrosion sample to 
be immersed. All immersion density values are reported in Figure 60 and all 
porosity as a percent area of transverse faces of corrosion samples were shown in 
Figure 25.  
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Figure 60: Immersion Density of Section Adjacent to Corrosion Sample 
From these two plots it does not appear that porosity as measured on the as-cut 
surface of each samples relates, or is indicative, to their internal porosity.  
Corrosion rates were plotted against both immersion densities and surface are 
porosity and can be seen in Figure 61 and Figure 62. Groupings by heat and build 
direction are noted by colored coordinated circles in Figure 62. In both plots 
samples falling into the middle and upper corrosion rate regimes, while all built in 
the X-direction, had highly variable surface porosity and immersion density. In 
Figure 62 samples in the highest corrosion regime were found to have consistently 
high immersion densities relative to many samples found in the lower two 
regimes.  
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Figure 61: Corrosion Rate vs. Sample Face Porosity by % Area 
 
Figure 62: Corrosion Rate vs. Immersion Density 
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SEM observation was done on samples before and after corrosion in order to 
clarify which regions of the microstructure were most susceptible to corrosive 
attack. Regions of both as-sintered surface finish and as-polished transverse faces 
were observed. Some SEM-SE images of as sintered surfaces, before and after 
corrosion, are shown in Figure 63, Figure 64, Figure 65, and Figure 66. 
 
Figure 63: SEM-SE Images of As-Sintered Surface of R5689 X and Y Before and 
After Corrosion 
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Figure 64: SEM-SE Images of As-Sintered Surface of R5166 X and Y Before and 
After Corrosion 
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Figure 65: SEM-SE Images of As-Sintered Surface of R5167 X and Y Before and 
After Corrosion 
 
Figure 66: SEM-SE Images of As-Sintered Surface of R5095 X and Y Before and 
After Corrosion 
103 
 
 
From these figures many interesting features can be seen. Figure 63a and b shows 
excess eutectic in intergranular surface regions before and after corrosive attack, 
respectively. Figure 63c and d show strange crystal formations both before and 
after corrosion. These were only observed on the surface of samples from one 
particular cylindrical R5689-Y bar. Figure 64a and c show a relatively large 
amount of excess eutectic that had not completely wetted adjacent particles and 
Figure 64b and d show similar regions after corrosive attack in which 
intergranular corrosion, preferential corrosion of the eutectic, and particle drop-
out can be seen. Figure 65a and c represent a close to ideal, characteristic, as-
sintered surface where the only prominent features are thermal grooving from 
particle coarsening during sintering. Figure 65b shows a heavily corroded surface 
dominated by corrosion products and particle drop-out. Figure 65d shows another 
example of intergranular corrosion as well as some pitting corrosion seen 
occasionally in most sample chemistries. Figure 66a shows incomplete 
densification exposing intergranular eutectic formations and Figure 66b shows 
preferential corrosion of those exposed regions as well as some mild intergranular 
corrosion. Figure 66c shows relatively large amounts of excess eutectic that 
solidified on the sample’s surface. Figure 66d shows a similar region after the 
eutectic and intergranular regions have been preferentially corroded. From many 
of these images it can be seen that while the sulfuric acid attacks intergranular 
boundaries, as intended, it also aggressively attacks half the eutectic lamella in 
regions of eutectic solidification. Figure 67 show examples of this preferential 
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attack of half the lamella from both as-sintered and transversely cut surfaces of 
each cylindrical bar heat. These corroded structures were found in samples built 
in both X and Y directions and some representative post-post corrosion EDS scan 
can be seen in Figure 68 and Figure 69. 
 
Figure 67: Eutectic Solidification Structures Post-Corrosion 
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Figure 68 Post-Corrosion EDS Scan of the As-Sintered Surface of R5689-X 
 
Figure 69 Post-Corrosion EDS Scan of the As-Sintered Surface of R5166-Y 
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Chapter 5: Discussion 
5.1 Macrostructure 
5.1.1 Porosity 
As discussed in sections 4.1.2 and 4.1.3, porosity size and distribution in all TRS 
and cylindrical samples was consistently highly variable as shown in Figure 18. 
Most sintering models predict initial transient liquid to concentrate at the center of 
the green body via capillary draw, and spread outward radially if wetting 
conditions permit [11], [25], [50]. This central concentration and subsequent 
radial spreading was absent in nearly all parts observed in this study. This is 
especially apparent in TRS samples, such as those shown in Figure 19 and Figure 
20, in which the perimeter of the bars are preferentially dense. This could be the 
result of radial thermal gradients created through radiative heating in the belt 
furnace. While this radial heating can be mitigated through slower heating rates 
and isothermal holding at intermittent temperatures[51], as the sintering cycle was 
not explored in depth it is unclear if techniques such as this were employed. 
The centralization of pores was also observed in cylindrical samples, as noted in 
section 4.1.3 but was consistently less pronounced than in TRS samples. As 
mentioned in shown in Figure 37, the fully-dense perimeter of Mo elevated 
samples (R5166-X and R5095-X) proved to be thinner than those of other heats.  
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Additionally, cylindrical bars were found to contain a higher number of very large 
pores as compared to TRS samples. This is thought to be due to a combination of 
the faster belt speed at which cylindrical parts were sintered, and their larger size. 
This is thought to lead to larger thermal gradients and less uniform promotion of 
the transient liquid phase which would in turn lead to more distortion and 
incomplete densification respectively. 
Porosity in cylindrical bars also showed a stronger tendency for linear 
arrangement of pores as shown in Figure 21a and b, Figure 22a, Figure 23a, and 
Figure 24a. These linear arrangements of pores are thought to due to the binder 
jetting process, as pre-sintered parts are composed of powder held together by a 
polymer based binder, as shown in a BJ study of copper in Figure 3 [6], as well as 
in observations of a pre-sintered brown TRS bar in Figure 14. As illustrated, if 
deposition of binder is not uniform across the powder layer, linearly arranged 
areas of preferential powder bonding and adjacent areas of insufficient bonding 
are created. These areas of fewer particle-particle contacts would densify less 
readily than adjacent dense-areas, as supported by Figure 3, while also providing 
an agglomeration point for any neighboring mobile pores. This would lead to both 
a large degree of pore interconnectedness adjacent to the path of binder deposition 
as support by studies of BJ copper [6], and a higher concentration of large pores 
as was observed in Figure 26c and d, Figure 27a, Figure 28a-d, and Figure 29a. 
Additionally, pores would experience a higher mobility along these linear regions 
of lower density. If these linear regions are perpendicular to the plane of 
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sample/sintering tray contact, buoyant forces on these pores would lead to 
concentrations of larger pores opposite the plane of tray contact, bounded by the 
fully dense perimeter region. This can be seen in Figure 21a and b, slightly in 
Figure 22a, strongly in Figure 22b, and Figure 24a. As these less densely packed 
regions are created upon binder deposition, variations in binder deposition 
between build directions, as shown in Figure 9, were expected to result in 
differences in pore size and distributions between samples built in the X and Y 
directions. Specifically, it was expected that parts built in the X-direction were 
more likely to have linear arrangements of pores running longitudinally along the 
entire sample. Material properties’ dependence on build direction was 
demonstrated in a previous study of 420SS built via BJ and subsequent sintering 
and bronze infiltration. In this study while the variation in layer thickness were 
found to have a strong affect on the amount of bronze in the microstructure, as 
indicated by variations in mechanical properties, variation in build direction 
(including parts built in the X and Y directions) did not result in large variations 
in the amount of bronze present [17]. As infiltration is strongly dependent on 
porosity, this implies that variations in build direction of 420SS+bronze did not 
strongly affect the amount of porosity. While this is in agreement with the lack of 
consistent trends observed in quantifications of porosity by surface area (Figure 
25 and Figure 30) it does not exclude the possibility that the degree of pore 
connectedness and not absolute amount of porosity is dependent on build 
direction. As such, a much stronger propensity for corrosion was observed in 
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samples printed in the X-direction, as discussed in section 5.3, and is thought to 
be primarily the result of this interconnected distribution of porosity. Unlike 
transverse porosity, which could be measured directly from the corrosion sample 
itself, longitudinal porosity measurements were taken from a completely different 
sample, of the same heat, sintered in the batch of those for corrosion testing. Thus, 
this disagreement between expected longitudinal porosity and corrosion rate is 
thought to be due to the highly variable sample-to-sample porosity observed.      
5.3 Microstructure 
In all observed conditions, the microstructure of both TRS and cylindrical 
samples can be described as equiaxed and lacking any significant texture (Figure 
33, Figure 37, and Figure 38). This microstructure evolved from promotion and 
infiltration of a liquid phase during sintering, which then fragmented precursor 
powders and filled in many areas around particle-to-particle contacts before 
solidifying. Meanwhile, un-melted fragmented grains, after being partially or 
completely surrounded by liquid, coarsen through both conventional mechanisms, 
in general melting and resolidification, and solution-reprecipitation in which mass 
is transported through the transient liquid; the smallest grains are consumed in 
order to grow the larger ones [11]. It is expected that all microstructures shown in 
section 3.6 result from these processes.  Average grain size in highly porous areas 
was often observed to be slightly finer than in full dense areas, as seen 
qualitatively in Figure 32 and as a slight trend in Figure 34. However, exceptions 
110 
 
 
to this were observed in nearly every condition as seen in Figure 34 and Figure 
39. This effect of porosity on grain size most likely due to the ability of pores 
lying on grain boundaries to inhibit or slow grain boundary movement/growth 
[11], [27], [53]. It has also been shown that the liquid phase can limit coarsening 
[54]. Interesting to note is that despite TRS bars being sintered at a belt speed of 
1.2IPM and cylindrical bars being sintered at a belt speed of 2.75IPM all samples 
from both belt speeds show an average grain diameter of about 60μm. This is 
most like due to competition between the retarding effects of porosity and liquid 
phase on grain growth, and coarsening due to rapid transport and solution-
reprecipitation facilitated by the transient liquid in LPS [47]. This leads to a 
steady state of the transient liquid/grain/pores system resulting in a plateau in 
grain growth. As the liquid phase has a higher solubility for gas impurities, it is 
also possible that the centralized porosity is due to the evolution of gas as the last 
amounts of liquid freezes. 
Several EBSD maps were also found to exhibit what could be strain most likely 
from volume changes experienced during LPS solidification as shown by the 
small color gradients in the porous Y-direction condition of Figure 36. From this 
IPF map small color gradients can be seen often adjacent to pores and on some 
fully-dense grain boundaries. Although interesting, analysis of residual strain after 
SLPS was outside the scope of this project, and would be a good opportunity for 
future work. 
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5.4 Elemental Segregation and Precipitation                  
As discussed in section 5.2 elemental segregation due to eutectic solidification 
was found to be a consistent microstructural feature in all samples in inter-particle 
regions which fill with transient liquid during sintering as is consistent with most 
LPS resultant microstructures [28]. All segregation behavior in this study fell into 
two overall behaviors: in samples with elevated Mo content Cr and Mo were seen 
segregating to the same region/phase, as shown in Figure 43 and Figure 45, 
whereas samples without elevated Mo content showed segregation of Mo and Cr 
to two different structures, as seen in Figure 41, Figure 42, Figure 44, and Figure 
46. In chemistries without elevated Mo content, the Cr rich structures were of a 
morphology and intergranular positioning typical of chromium carbides found in 
sensitized stainless steels, and is likely precipitated from the solid state, rather 
than from eutectic solidification [29]. The formation of this Cr rich phase depletes 
surrounding regions of Cr leading to sintering sensitization. While samples with 
elevated Mo did not display the same morphologically typical chromium carbides, 
it is expected that depletion of Cr in adjacent austenitic regions will have an effect 
equivalent to sensitization. In several studies of boron containing PM SS316L 
showed various boundary phases in between both large Cr rich structures [29], 
and lamellae in Cr and Mo rich structures [55]. No such boundary phases were 
readily observed in this study as most strongly supported by the STEM analysis 
shown in Figure 53, Figure 54, and Figure 56. One study on SSLPS of prealloyed 
SS316L powder with 2.2wt% Mo found that at 0.2wt% admixed boron, secondary 
112 
 
 
phases were rich in Cr and Mo. The same study found, upon increasing boron to 
0.8wt% admixed boron, that two secondary phases formed, one containing Cr, Fe, 
and B, and a smaller eutectic phase containing Cr, Mo, Fe, and B [29]. This 
variation in secondary phase behavior is similar to that observed in this study 
except for two primary differences. The first is that this study saw a strong 
depletion of Fe and Ni in all areas of Cr and Mo enrichment. The second is that 
the emergence of two different secondary structures in this study was, at first 
glance, found to be dependent on decreasing Mo content, not increasing boron 
content. It has been shown that any boron that melts and segregates will not 
appreciably diffuse back into the Fe matrix [39]. With this, in combination with 
the expectation that boron in transient liquid is present in weight percents higher 
than the alloys’ bulk amounts, it is possible that increasing Mo content could have 
an equivalent effect to decreasing B content as Mo-B containing phases are 
formed, which could explain the semi-equivalence of the segregation behavior 
observed in this study and that reported in the literature [29].     
5.5 Corrosion 
5.5.1 Porosity Driven Corrosion 
As discussed in section 3.5, a modified version of ASTM A262 practice B was 
performed on transversely cut sections of cylindrical samples printed in both the 
X and Y directions in order to evaluate their susceptibility to intergranular 
corrosion (IGC). A plot of all results by heat and build direction is shown in 
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Figure 58. As discussed in section 4.5, all results fell into one of three regimes: 
rates below 3mm/month, rates 5-20mm/month, and rates above 30mm/month. 
While all heats and build directions displayed results in the lowest regime, there 
was a general trend for higher rates to be found in samples printed in the X-
direction for all heats except R5689, the base chemistry, whose mass loss did not 
vary significantly with build direction. It is unclear why heat R5689, the base 
chemistry, provided the most consistent resistance to corrosive attack. All samples 
with rates in the middle regime were from R5167-X, the heat with elevated Cu 
content. Corrosion rates observed generally ranged from 0.05 to 38.44 mm/month, 
with an average and standard deviation of about 9 and 14 mm/month respectively. 
Important to note is that all rates above 30mm/month were the result of complete, 
or near complete dissolution of samples in the oxidizing media, and are therefore 
not accurate representations of equivalent thickness loss. All but the lowest of 
these rates ranged from 1-10 orders of magnitude greater than pressed and 
sintered 316L with boron, sensitized PM 316L, and highly sensitized non-PM 
316L in sulfuric acid and sodium chloride environments [29]. The most analogous 
study available, an evaluation of pressed and SSLPS’d 316L admixed with 0.2-
0.8wt% boron in NaCl, reported rates ranging from <0.004-0.025mm/month [29], 
the highest of which is about half the lowest result in this study. This higher rate 
is due to the binder jetted and sintered 316L’s higher propensity for porosity. 
As corrosion rate is known to be heavily affected by porosity, both on the surface 
and internally [29], [43], [48], [49], It was expected that observed corrosion rates 
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would be related in some way to either/both surface or internal porosity. 
However, as shown in Figure 61, there appears to be no immediate relationship 
between corrosion rate and porosity as a percent area of the transverse sample 
faces. In contrast, when corrosion rates were plotted against immersion densities 
sampled from areas immediately adjacent to those destined for immersion in 
corrosive media (Figure 62), clear groupings emerge. From Figure 61 and Figure 
62 it becomes apparent that the internal porosity as measured by immersion 
density is most likely connected to pores observed on the transverse surface and 
as such contributes to effective surface area. Similar observations of pores were 
made in studies of BJ copper [17]. This is consistent with the longitudinal 
arrangements or pore, as discussed in section 5.1.1 and would explain the 
aggressive corrosion observed more often in the X-direction. Similar studies of 
pressed and sintered PM 316L with boron have also pointed to interconnected 
pores as a cause of rapid corrosion [29].  
5.5.2 Elemental Segregation Driven Corrosion 
While the character and distribution of porosity in this study might explain the 
macroscopic mass-loss rates observed in Figure 62, the areas of most aggressive 
corrosive attack on a microscopic scale were observed to be the eutectic areas 
characterized by large amounts of elemental segregations as shown before 
corrosive attack in Figure 63, Figure 64, Figure 65, and Figure 66, and after 
corrosive attack in Figure 67. These images show a preferential attack of half of 
the eutectic structures, both on the as-sintered surface and on the transverse cross-
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sections. In post-corrosion scans of heats without elevated Mo (Figure 68), some 
areas of Cr enrichment can still be seen. Scans of heats with elevated Mo content 
(Figure 69) showed no areas of any enrichment.  
These preferential attacks could be due to sensitization of areas adjacent to Cr 
enrichment causing enriched regions to fall out which would explain the presence 
of Cr enrichment in Figure 68, or galvanic coupling causing preferential 
dissolution of anodic regions which would explain the lack of enriched features in 
Figure 69. However, based on previous studies it is most likely some combination 
of both [43], [45]. Further research is needed to clarify if changes in Mo content 
result in the domination of one mechanism over the other.  
Chapter 6: Conclusions 
The following conclusions regarding the printing, sintering and analysis of 
SS316L can be drawn from the results and discussion of the previous chapters: 
1. The Morphology and characteristics of pre-sintered structures made via BJ 
were found to have a significant effect on post sintering pore structure, 
arrangement, and distribution of larger cylindrical parts. This is the result 
of non-uniform binder deposition leading to inhomogeneous green/brown 
densities. Thus, pore structure is effected by build direction 
2.  Porosity was highly variable for parts processed under equivalent 
conditions. The amount of porosity was found to have a significant 
directional dependence only in transverse cross-sections of cylindrical bars 
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and this porosity did not show significant correlation to observed 
corrosion rates as expected. Instead immersion density showed significant 
correlation to corrosion, but did not indicate a consistent trend for a high 
degree of porosity to lead to high corrosion rates as expected. This implies 
an in homogeneous and interconnected distribution of pores. 
3.  Molybdenum content was found to have a strong affect on segregation 
behavior. Chemistries with 2.3wt% Mo displayed a mix of lamellar 
solidification structures of alternating Mo rich and austenitic phases. 
These lamellar structures were accompanied by adjacent large angular 
precipitates rich in Chromium. Chemistries with 4.9% Mo saw a 
disappearance of Cr structures and incorporation of Cr enrichment into the 
non-austenitic lamella of the eutectic solidification structures. 
4. Build direction was consistently found to have a strong effect on corrosion 
rates for all heats except the base chemistry, with the top two regimes of 
mass loss containing samples printed in the X-direction exclusively. 
Excluding the base chemistry, average mass loss in the X-direction 
samples was 187% greater than in Y-direction samples. 
5. Copper addition of 6.95% was found to reduce corrosion rates observed in 
the parts printed in both the X and Y directions. All heats with 7% copper 
built in the X-direction were found in the second regime with rates ranging 
from 9-16.8mm/month, a significant improvement over all other X-
direction heats except the base chemistry, which exhibited no dependence 
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of corrosion rates on build direction. 7% copper heats built in the Y-
direction exhibited the most corrosion resistance on average, with mass 
loss rates ranging from 0.05-0.36 mm/month.  
6. While mass loss rate were found to be primarily dependent on porosity, it 
was areas of segregation structures and Cr precipitation that experienced 
preferential corrosion. This was due to a combination of conventional 
sensitization and galvanic coupling of dissimilar phases in eutectic 
lamellae with anodic regions of Cr and Mo enrichment, and cathodic 
regions of austenite. This suggests a reduction in liquid phase fraction 
during sintering could be a possible route for improvement of corrosion 
resistance. This is further supported by the superior and more consistent 
corrosion resistance of the base alloy as fewer alloying additions will most 
likely raise the solidus leading to less liquid phase fraction.      
Chapter 7: Future Work   
AM, and the wide variety of techniques it encompasses is a relatively new field of 
manufacturing and as such many questions remain about its intricacies. This is 
particularly true for BJ due to the complex relationship between the printing 
process and post printing densification treatments. Below are a few experiments 
that improve this understanding while building on the results and discussions of 
this study.  
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7.1 Differential Scanning Calorimetery (DSC) 
DSC analysis of the various heats examined in this chemistry would be incredibly 
helpful in the determination of each heats solidus and liquidus temperature. This 
would enable selection of more suitable sintering temperatures in order to 
maintain a consistent liquid phase fraction across all chemistries. This would 
enable a more consistent analysis of corrosion and porosity as both are highly 
dependent on the amount of liquid promotion during sintering.   
7.2 Sintering Time Study 
Many of the questions raised in the work presented here revolve around the 
complex process of densification and pore evolution during SLPS. As such, an in 
depth examination of microstructural development at various time during 
sintering would be an ideal way to examine this interaction between pores and as-
deposited layers and binder, and would help to clarify the complex and 
inconsistent interaction between the as deposited layers, transient liquid, and pore 
network during LPS of binder jetted parts. This would work best in combination 
with serial sectioning and observation of parts built with various printing 
parameters 
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7.3 Study of Residual Stain in SLPS Parts 
It is thought that residual stain, most likely due to changes in volume during 
solidification of the eutectic region, was observed in EBSD analysis in this study. 
Analysis of residual strain after LPS would be a good opportunity for future work 
due to its possible effects on mechanical properties.  
7.4 Mechanical Testing 
Analysis of the mechanical properties of BJ SS316L, both tensile and 
compressive, would provide much needed context to the results presented in this 
study. This would be most help when used to observed regions of various porosity 
distributions and amounts. 
 7.5 Segregation Behavior and Phase Identification 
Further research is needed to clarify if changes in Mo content result in the 
domination of different segregation mechanisms. A solidification study on a 
simple alloy composition could prove useful in explaining the mechanisms behind 
the two types of segregation behaviors observed in this study. This would work 
best in combination with efforts to identify the unknown Mo and Cr rich phases 
observed in this study. 
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7.6 Copper Addition Study 
From the corrosion results it was apparent that copper played a role in improving 
corrosion resistance, while the areas of localized corrosive attack were found to 
be eutectics enriched in Cr and Mo. Thus, investigation of an alloy with reduced 
Mo and Cr content, but with methodically elevated amounts of Cu could be 
important in improving the corrosion resistance of SS 316L alloys.  
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